The biosynthetic pathway of terpene trilactones of Ginkgo biloba is unclear. In this present study, suspension cultured cells of G. biloba were used to explore the regulation of the mevalonic acid (MVA) and methylerythritol 4-phosphate (MEP) pathways in response to specific enzyme inhibitors (lovastatin and clomazone). The results showed that the biosynthesis of bilobalide was more highly correlated with the MVA pathway, and the biosynthesis of ginkgolides was more highly correlated with the MEP pathway. Meanwhile, according to the results, it could be speculated that bilobalide might be a product of ginkgolide metabolism.
Ginkgo biloba L., a traditional herb in China, is one of the oldest living plants [1] . The leaf extract of ginkgo has been employed for treating cerebrovascular and cardiovascular diseases for centuries [2] . Modern pharmacological studies showed that G. biloba extract could be also used for the treatment of chronic schizophrenia and Alzheimer's disease, as well as possessing antitumor activity [3] [4] [5] . Terpene trilactones, which include ginkgolides and bilobalide, are surmised to be responsible for most of the pharmacological properties of G. biloba extracts.
Ginkgolides are commonly supposed to be acquired via the methylerythritol 4-phosphate (MEP) pathway [6] , but several experiments indicated that mevalonic acid (MVA) pathway is dominant in undifferentiated G. biloba cells [7] . On the other hand, bilobalide (BB) is deemed to be synthesised through the MVA pathway [8] , but some authors suggest that BB is a product of ginkgolides metabolism [9] . It has been reported that 1-deoxy-Dxylulose-5-phosphate synthase (DXS) and 1-deoxy-D-xylulose-5phosphate reductoisomerase (DXR) are the rate-limiting enzymes for the MEP pathway. Similarly, HMG-CoA reductase (HMGR) catalyzes the major rate determining steps of the MVA pathway [10] .
Inhibitors of key enzymes involved in the biosynthesis pathway have been used as an additional tool to study the regulation of secondary metabolite production in plants. Lovastatin (mevinolin) can induce a specific inhibition of HMGR in the MVA pathway [11] . Clomazone is a soil-applied herbicide, and is the precursor of 5-keto clomazone, an inhibitor of DXS in the MEP pathway [12] . In the present study, we investigated the yields of terpene trilactones and the expression of key biosynthetic genes in G. biloba cell cultures by feeding lovastatin and clomazone to gain a better understanding of the regulation of terpene trilactones biosynthesis.
Compared with control groups, the yields of ginkgolide A (GA), ginkgolide (GB) and ginkgolide (GC) in 20 μM lovastatin-treated groups had a reduction of 12.6%, 11.4% and 16.4% at the 5 th day, respectively, and that of BB had a reduction of 31.7% at the 9 th day. Interestingly, the yields of GA, GB and GC in lovastatin-treated groups did not have an apparent reduction on the 9 th day compared with those of control groups (Figure 1 ). In 50 μM lovastatin-treated group, the yields of GA, GB, GC and BB had a reduction of 19.4%, 15.6%, 11.7% and 41.9% compared with the control group, respectively ( Figure 1 ). These results indicated that BB was mainly synthesized from the MVA pathway, and parts of ginkgolides might be transformed into BB.
Compared with control groups, the yields of GA and GB in the 40 μM clomazone-treated groups had a reduction of 16.8% and 7.5% at the 3 rd day, and that of GC and BB of 1.9% and 1.3% at the 5 th day, respectively ( Figure 2 ). In the 50 μM clomazone-treated group, the yields of GA and GB had a reduction of 36.3% and 20.0% (1.37 and 1.35 mg/L), while the yields of GC and BB were basically unchanged comparing with the control group ( Figure 2) . These results demonstrated that GA and GB were mainly obtained from the MEP pathway, and further indicated that the MVA pathway was the predominant one for BB.
After treatment with lovastatin (20 μM), the mRNA level of HMGR decreased significantly, and the transcript level of DXS decreased mildly. Conversely, the transcript level of MECT and MVD increased slightly. The trend in gene expressions was similar for the groups treated with different concentration of lovastatin ( Figure 3 ). After treatment with 40 μM of clomazone, the mRNA level of MECT and MVD increased moderately. On the other hand, the DXS transcript level decreased slightly at the 1 st day and then decreased rapidly with the increasing culture time, and HMGR remained stable. For the groups treated with different concentrations of clomazone, the results were similar (Figure 4) . The qRT-PCR results of gene expression were consistent with the change in terpene trilactone concentrations in G. biloba cultured cells.
The present study provided a first attempt towards a better understanding of the regulation of the biosynthesis of terpene trilactones in G. biloba cultured cells. The in vivo feeding experiments with two specific inhibitors, lovastatin and clomazone, showed that the biosynthesis of BB was more highly correlated with the MVA pathway, while the biosynthesis of ginkgolides was more highly correlated with the MEP pathway. Meanwhile, it could be speculated that BB might be a product of ginkgolides metabolism according to the results. This proposal requires further research by incorporation of labeled precursors and analyses of transgenic lines and mutants.
Experimental

Plant materials and methods:
The cultured cells of G. biloba used in this research were established by our research group. Prior to the experiments, fresh 20-day-old cells (5.0 g) were transferred into 250 mL Erlenmeyer flasks and suspended in 100 mL of MS medium [13] supplemented with 30 g/L sucrose, 2.0 mg/L α-naphthalene acetic acid (NAA), 2.0 mg/L indolebutyric acid (IBA), and 5.0 mg/L ascorbic acid without agar, maintained in a rotary shaker (110 rpm) at 25°C in darkness.
Inhibitors treatment:
After being filter-sterilized, the solutions of lovastatin and clomazone [14] were supplied individually to 14-day-Terpene trilactones biosynthesis in Ginkgo biloba Natural Product Communications Vol. 10 (12) 2015 2035 old suspension cultures to give final concentrations of 5, 10, 20, 30, 40 and 50 μM, respectively. Experiments for control group were made with corresponding blank solutions. 1, 3, 5, 7 and 9 days after the addition of the inhibitors, the cultured cells were harvested. The cultures were separated from liquid media by vacuum filtration, washed with distilled water, and dried at 50°C. The spent culture medium was used for analyzing terpene trilactones production. Elicitation experiments were made in triplicate.
Terpene trilactones extraction and determination:
The cultured cells were separated from the culture medium by vacuum filtration and the spent medium was partitioned into ethyl acetate (v/v). The ethyl acetate extracts were combined and concentrated to dryness. The residue was dissolved in 1.0 mL of methanol and then analyzed by HPLC-ELSD. Dry cultured cells were extracted sonically with methanol 3 times. After concentration of the combined extract solutions under vacuum, the residue was dissolved in a mixture of water and ethyl acetate (1:1, v/v), and partitioning with ethyl acetate (v/v) 3 times. The ethyl acetate extracts were combined and concentrated to dryness. The residue was dissolved in 1.0 mL of methanol and then analyzed by HPLC-ELSD. For determination of ginkgolides and bilobalide, HPLC analysis was performed using a 1260 HPLC instrument (Agilent Technologies, US) equipped with an evaporative light-scattering detector (ELSD, Alltech Technologies, US). Chromatographic separations were performed on an Agilent Hypersil C18 column (5 μm, 250 × 4.0 mm) (Agilent Technologies, US) at 25°C with gradient elution consisting of methanol and water.
Monitoring gene expression by qPCR:
The extraction of total RNA from cultured cells was performed using Trizol according to reference [15] . In the present study, transcript levels of GAPDH, the genes involved in the terpene trilactones biosynthesis pathway (HMGR, MVD, DXS and MECT), were monitored in cultured cells of G. biloba treated with either lovastatin or clomazone. The qPCR reference manuals of PrimeScriptTM reagent kit and SYBR® Premix Ex Taq™ were used.
Statistical analysis:
All values are mean ± SD. Statistical analyses were performed using an unpaired, two-tailed Student's t-test. All comparisons were made relative to untreated controls and significant difference is indicated as * p < 0.05.
